INTRODUCTION
Metal-matrix composites (MMCs) show improved performances over their matrix alloys. Magnesium matrix composites can offer potential applications within the automobile and aircraft industries. Interpenetrating phase composites (IPCs) usually display superior mechanical properties when compared to conventional MMCs reinforced with particles, intermetallic phases, ceramics, and carbon fibres. A unique combination of cellular ceramic materials, with high mechanical strength and stiffness at low fractional densities, and the ductility of the metallic phase may be considered as a major advantage of metal/ceramic IPCs [1] . They can be produced using various ways [2] and [3] . The infiltration can be achieved by a spontaneous capillary-driven metal infiltration [4] , gas pressure-assisted infiltration [5] and [6] , or squeeze-casting into a cellular ceramic preform [1] , [7] and [8] . Interface behaviour between the matrix and the reinforcement can profoundly affect the properties of the MMCs [9] . The reinforcement type, alloying elements, solidification condition, and heat-treatment of MMCs can affect the local chemical composition and the extent of the interfacial reactions of the MMCs [10] .
Several IPCs with Mg-matrix have been reported [1] , [7] and [8] . The AZ91, and AZ31 magnesium alloys were used for the matrix, whilst the reinforcing phase was the ceramic foam based on SiO 2 , SiO 2 -Al 2 O 3 , and SiC-SiO 2 -C-Si. The mechanical properties (strength and Young's modulus) of the investigated IPCs were higher by up to 50 % when compared to the unreinforced magnesium alloy at room and elevated temperature.
During this work, we used the AE44 magnesium alloy for the matrix and ceramic foam consisting of SiC, Al 2 O 3 , and SiO 2 as the reinforcing phase. The IPC was produced using a simple and low-cost procedure, characterised and mechanically tested. It is to be expected that different manufacturing conditions can profoundly affect the properties of the resulting composite.
EXPERIMENTAL
An AE44 magnesium alloy and SiC-Al 2 O 3 -SiO 2 ceramic foam were used for manufacturing the IPC. The composition of the AE44 alloy was determined using ICP-AES (Table 1a) . Polyurethane foam of the desired shape (Fig. 1a ) was used as a preform for the manufacturing of the ceramic foam (Fig. 1b) . Low viscous ceramic slurry (Table 1b) was infiltrated into a polyurethane preform. The excessive slurry was squeezed-out, and the coated preform was dried. Finally, it was heat-treated in order to remove the polyurethane skeleton and to sinter the ceramic powder. The ceramic foam is commercially accessible (ETI d.d.) and is used for filtration of the melt before the casting, because it is stable up to a temperature of 1700 °C. The IPC was made in several steps. A steel mould ( Fig. 2) with a properly sized gating system and coated with a boron-nitride was made first. The gating system provided sufficient metal-static pressure that the melt could fill all pores of the ceramic foam. The ceramic foam had been inserted into the mould cavity before the mould was closed with the second part. Then the mould with inserted ceramic foam was preheated to a temperature of 500 °C, 600 °C, or 700 °C. During heating, the AE44 magnesium alloy was inductionmelted and heated to a casting temperature of 730 °C. When the mould with inserted ceramic foam attained a suitable temperature, it was taken out of the furnace, placed on the vibration plate, and the melt was gravity cast through the inlet channel. After casting, the insulation cover was placed on the top of the mould, which acted as an insulated feeder. During the casting and solidification, the mould was vibrated so that the air from the pores of the ceramic foam and the mould cavity was removed. The metallic vibration plate transferred the heat from the bottom of the mould very well and thus enabled directional solidification. The AE44 magnesium alloy was also cast into the mould under the same conditions as ICP.
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Fig. 2. The mould with an inserted ceramic foam
For the stress-strain measurements the samples with square cross-section (7 mm × 7 mm × 9.5 mm) were cut from the ICP and AE44 alloy. The ICP's samples contained 10.9 to 25.5 vol. % ceramics. The compression tests were carried out at room temperature (20 °C) and 200 °C by using Gleeble 1500D.
Light microscopy (LM) work was done using the Olympus BX61 with the Analysis Materials Research Lab 5.0 software, and the scanning electron microscopy (SEM) in a FEI SIRION NC. The transmission electron microscopy (TEM) was carried out on a FEI Tecnai F20. A TEM specimen was cut out at a specific site using the focussed ion beam (FIB) in a FEI Nova 200. The hardness was determined using a Wilson Instruments Tukon 2100 B (load of 10 N) and micro-hardness using an Agilent Nano Indenter G200 testing machine (a Berkovich diamond indenter, depth limit of 500 nm, strain rate target of 0.05 cycles/s, harmonic displacement target of 2 nm, and a frequency target of 45 Hz). The composition of the ceramics was determined using an X-ray fluorescence (XRF) analyser Niton XL3t GOLDD+ (50 kVp). The X-ray diffraction (XRD) for the ceramics was carried out in a Philips 17-10 using Cu Kα radiation with a scan rate of 1.2 °/min, and for the alloy EA44 in a PANalytical B.V PW3830/40 using Cu Kα radiation with a scan rate of 0.25 °/min.
RESULTS AND DISCUSSION
The Magnesium Alloy
The characterisation of the commercial AE44 magnesium alloy using EDS-analysis showed that it consisted of α-Mg, Al 11 RE 3 , Al 2 RE, and Al 10 RE 2 Mn 7 . These phases were also identified using XRDanalysis. Each intermetallic compound contained all rare-earth elements; however, the content of Ce was the highest. Also other authors [11] to [13] found the same phases within microstructure of the AE44 alloy. Fig. 1b shows the structure of the SiC-Al 2 O 3 -SiO 2 ceramic foam with the interconnected primary and mainly closed secondary porosity. The cellular-shape of the primary porosity had a mean-cell diameter of 4.23 mm, which was almost identical to the shapes and sizes of those pores in the polyurethane foam. The secondary porosity had a triangular void in the struts, which may reduce the strength significantly, is typical for reticulated foams. The mean-strut thickness was 0.55 mm. The XRD (Fig. 3) and EDS (Fig. 4 , Table  2 ) results revealed that the ceramics was composed of four compounds: α-Al 2 O 3 , α-SiC, β-SiC, and SiO 2 . 
The Ceramic Foam
Interpenetrating Phase Composite
The reaction time between the melt and ceramic foam was equal to the solidification time, which was approximately 5 s, 30 s, and 60 s at the preheating temperatures of 500 °C, 600 °C, and 700 °C, respectively. During this rather short period, the melt completely filled the primary porosity, whilst the secondary porosity was filled only at preheating temperatures of 600 °C and 700 °C. The secondary porosity was probably filled by a combination of melt penetration through the strut walls and the melt infiltration through the holes in the strut walls, which represented direct links between the primary and secondary porosities. Fig. 5 shows that the melt did not just fill ceramic foam but also reacted with it. The infiltration at a preheating temperature of 500 °C resulted in the composite that suffered from partial debonding at the metal/ceramic interface and cold junctions (Fig. 5a ). The widths of the cracks between the metal and ceramic skeleton were up to 50 µm. In contrast, at the preheating temperature of 600 °C (Fig. 5b ) and 700 °C (Fig. 5c ) obtained a crack and debonding free interfaces but with the interfacial reaction products. These were as a result several reactions between the Mg-melt, SiO 2 , and Al 2 O 3 . The reaction products formed not only at the interfaces but also within the penetrated strut walls. The widths of the interfacial reaction products were more than 200 µm. EDS analyses (Table 3) revealed the presence of MgO, and two intermetallic compounds with the general formulae AlSiRE and AlMgSiRE (Fig. 6 ), which were undetermined by XRD analysis because of their small amounts (Fig. 7) . Therefore, TEM investigations were carried out. The corresponding SAED-patterns for AlSiRE and AlMgSiRE are shown in Figs. 6c, d . Both are consistent with tetragonal structures. The AlSiRE phase always precipitated at first. It formed on the MgO film that covered the SiC and Al 2 O 3 . The AlSiRE particles later represented the nucleation sites for the AlMgSiRE phase. Thus, AlSiRE was usually partly or even completely surrounded by the AlMgSiRE, and the transformation from AlSiRE to AlMgSiRE took place with a reaction similar to a peritectic reaction. These compounds were presented in detail in reference [14] . The chemical reaction between Mg and SiO 2 , which was added as a binding agent at the manufacturing of the ceramic foam, caused the decomposition of the ceramics at the longest reaction time of 60 s (Fig. 5c ). Fig. 8 shows the stress-strain diagrams of the IPC and AE44 alloys. At both testing temperatures (20 °C and 200 °C) the IPC showed a significant improvement of the yield strength and the Young's modulus to AE4 alloy. But the rupture modulus of the IPCs, manufactured at preheating temperatures of 500 °C and 600 °C, were lower than for the nonreinforced AE44 alloy (Figs. 8a to d) , while the IPC manufactured at 700 °C had higher values (Figs. 8e and f). Gibson and Ashby, crushing of the ceramic foams is according to the micro-mechanical model of based on bending of the struts [15] . Thus, in the interpenetrating metal/ceramic phase composites, the metal phase stabilies of the ceramic struts and partially prevents strut bending. This results in a major improvement of the mechanical properties [1] . However, the IPC, made at preheating temperatures of 500 and 600 °C, showed inferior values modulus of the rupture. At 500 °C, the load transfer from the metal matrix to the reinforcing ceramic skeleton was reduced due to air gaps between the infiltrated metal and the ceramic struts. Accordingly, no pronounced reinforcing effect was observed. The firm metal/ ceramic interfaces with interfacial reaction products were at 600 °C. The large interfacial reaction products, which are usually brittle and defective, decreased the compression strength of the IPC. Similarly, the tensile strength of the Ti-MMCs reinforced with SiC fibres decreased with the increase of the reaction zone but the strength was not reduced while the thickness of the interfacial reaction products was up to about 1 µm [16] . At 700 °C, the ceramic foam disintegrated into the particles and the interfacial reaction products floated into the melt. These hard particles reinforced the matrix, similarly as in the conventional metalmatrix composite reinforced with particles because the mechanical properties were higher compared to the bulk AE44.
Mechanical Properties
Hardness and Micro-hardness of AlSiRE and AlMgSiRE
The measurements were carried out within the matrix and at the interface (Fig. 9a) . The hardness of the matrix was 40 HV 1 and of the interface was 88 HV 1, respectively. The micro-hardness of the AlSiRE was 1336 ± 78 HV and of AlMgSiRE was 917 ± 32 HV (Fig. 9b) . Thus, both phases were very hard, yet, AlSiRE was much harder than AlMgSiRE. Therefore the formations of these phases decreased in strength.
On the other hand these can increase the resistance to cutting and wearing. 
CONCLUSIONS
According to the results of this work the following conclusions can be drawn:
• The interpenetrating phase composite can be manufactured by simple gravity casting.
• The AE44 magnesium alloy strongly reacted with the SiC-Al 2 O 3 -SiO 2 ceramics.
• The preheating temperature of the ceramic foam effected the bonding and interfacial reaction.
• The main reaction products were MgO and the two novel phases AlSiRE and AlMgSiRE.
• The hard AlSiRE and AlMgSiRE decreased the strength of the interpenetrating phase composite at room and elevated temperatures.
• At a preheating temperature of 700 °C the ceramic foam disintegrated into the particles, which together with reaction products floated into the melt and reinforced the matrix, because the strength was increased.
